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HEAT PIPE TECHNUMY 2SSUES

M. A. Merrfgan

P. 0. ~OX 1663

Los Alamos National Laboratory

Los Al81M$, W ~XfCO 87545

ABSTRACT

Critical Mgh temperature, high pwer appllcatloitsIn space nuclear power

designs are near the current state of the art of heat pfpe technology In terms

of power densltj, operating temperature,and llfetlme.

Recent heat pipe development work at Los Alamos National Laboratory has

1nvolved performance testing of typical space reactor heat pipe designs to

power 1evels In excess of 19 kW/cm2 axfally and 300 W/cm2 radlally at tem-

peratures in the 1400to 1500 K range, Operation atcondlt+ons in the 10 kli/cm2

range has been sust~lned for periods of up to 1000 hours without Mdence of

performance degradation. The effectfve length for heat transport fn these

heat pipes was from 1.0 to 1.5 M. Materials used were molybdenum alloys WIth

1ith{um amployed as the heat PIpa operattng

power, molybdmsn heat pipes have been 11fe

of greater than 26,000 hours at 1700 Kwlth

flufd. Shortw, somewhat lower

tested Et Los Alamos for periods

lithtum and i?5,000hcurs at 1500 K

wfth sodium. These Ilfe test demonstrations and the att~ndant performance

llmft Investfgatfons prov~de an expcrhental basis for fleatptpe applfcatton

In space reactor deslgn and represent the current state-of-th~-art of high

temperature heat PIpe technology.
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INIRODICTION

As self-starting, self-regulatlng, high efflclency means of transferring

heat under hfgh vacuum and zero gravfty conditions, heat pipes are a logfcal

choice for Incorporation Into space nuclear power system designs. Many current

desfgn concepts omploy heat pipes both for high temperature heat transport

from the reactor to the power converters and in system prfmary heat rejectfon.

Additional u:~esfor heat plpas at or near reactor temperaturesmy be found ,

In applications such as electromagnetic pump coollng, radiation shield coollng,

control drum and motor coolfng, and fn start-up and shut-down thermal condi-

tioning of llquld metal pumped heat transfer loops. As detail designs are

developed heat pipes wI11 also be used In the control of power conditlonlng

equipment, fn control electronics coolltlg,and In low temperature waste heat

radla+ors for these systems.

FIgure 1 il1ustrates these potential applicatlons schamatlcally. Current

attentfon fs focused on the two dfrect heat trmsport applications shown In

the ffgure; prfmary heat transport from the reactor to the power conversion

system and reJect heat transport from the power conversion system to h sur’ace

1
radlat~ng to deep space. These applfcattons have recefved most attention 1n

recent experimental fnvest+gatlons and are the primary interest tn current9

discussions of heat pipe technology.

In these appllcatlons the characteristicsof heat pipes that are of most

Interest are those concerned wfth thelr pass$~veoperatfon and wfth thefr abf1-

1ty to functfon over an extreme range of temperature, starting from belw the

meltfng temperature of the workfng flufd, without the need for thermal pre-

conditioning. The passfve operatfon provfdes for automatfc handlfng of reactor
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decay heat as wel1 M for restart after extended periods of nonoperation WIth-

out the need for stored power for pumps or controls. me fact that heat Pipes

operate with minimal temperature differences Is of importance In radiation

coupled systems and In radiant heat reject~on systems. Added to these opera-

tional advmt~ges Is the fact that heat pipe heat transfer systems are, by

their nature, highly redundant systems offering multiple, independent heat

transfer paths.

PRIMARY HEAT TRANSPORT HEAT PIPES

The operating requirements imposed on heat pipes used as primary heat

transport devices in space nuclear power systems are sunsnarizedin Table 1.

Perhaps the most difficult of these requirements to satisfy within the present

state-of-the-artwill be operation of radiantly coupled heat pipes at a frac-

tton of their design power for extended periods, and the demonstrationof

stable operation of beet pipes under a wide range of transient conditions.

Demonstration of other operational requirements wch as 1ow temperature CO1d

start with radlatlon coupllng and extended operatlo~ at high temperature with-

out loss of performance, w1ll require further work but should not involve

severe development problems.

Critical high temperature, high power applications for primary heat trans-

port UI11 be near the current state of the art of heat PIpe technology 1n terms

of power density, operating temperature,and !Ifetlme. Use of heat pipes as

the primary nuclear reactor core heat transfer mechanism, coupllng directly to

the power conversion system wI1l entail operation of the heat pipes at the

reactor core temperature and at high power density. With space nuclear power

systems constrained to high operating temperaturesby low conversion effi-

ciencies wd the need for radiant heat rejection, reactor temperatureswill be



-4-

fn the lCOOKto1700K range. For the reactor core heat pipes th~s Implies

the use of alkaline metal workfng flufds and refractory alloy structures.

Performance characteristics necessary for the reactor core cooling applicatluns

will involve radial power densities In the 100w/cm2 range and axial power

densities of >10 kW/cm2 over heat transport distances of 3 to 5 M (Koenig

and Ranken, 1982). These power levels are necessitated by system weight con-

straints, which lead to compact reactor designs, and by the need to maintain

subcriticali~ during water inunersionin the interests of safe~, which re-

quires minimizing heat pipe volume within the reactor core.

Typical values of performance requirements for these primary heat transport

applications are sunsnarizedin Table II. In applications where the heat pipes

are coupled directly into the reactor core there may be an additional require-

ment for the heat pip~s to bend around the radiation shield, incorporating two

or more bends of ne~rly 90° in their length.

In reviewing the status of heat pipe technology in the light of these

requirements the heat pipe design may be considered in terms of the physical

elements involved, specifically the enclosure~ the capillary structure, and

the working flu$d, Consideration must also be given to the problems involved

In assembling these elements into the desired configuration. ‘he resulting

heat P+pe designs may be characterized in terms of the steady state performance

1fmits fmplied by the working fluid and cperatfng temperature, and by the

transf[fltcharacteristics.

ENCLOSURE MATERIALS

Over the temperature range of fnterest for primary heat transport the en-

closure materfal used for the heat pfpes wfll be a refractory material with
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the usable range for various alloys determined from creep strength considera-

tions. Other crtterfa of concern in materfal selectfon,wI11 be the ductfle-

I?rtttle-transition temperature, chemical comp~tibil1ty with the heat PIpe

working flufd and external coolants and for ceses where in-core use ts en-

tailed, compatibility with the fuel in the accompanying radiation environment.

Another factor affecting the choice of alloys wf11 be f’abricabilfty, particu-

larly if secondary operations such as bending are entailed in the heat pipe

manufacture. In general, heat pipe use wil1 probably not be the criterfa of

concern in alloy selection for space power systems so long as the heat pipe

working fluid does not have excessive vapor pressure at the operating tempera-

ture of the system.

WORKING FLUIDS

Candidate working fluids In the temperature range of ?nterest for primary

heat transport wI11 be the alkaline metals and thetr al10YS. Vapor pressure

curves for potassium, sodium, and lithlum are g+ven in Fig. 2. Design values

of operating pressures In heat pipe applicationswill usually be 0.1 Bar or

greater in order to minfmlze effects of residual gases or redlatim product

gases on performance. Upper pressure 1Imlts wil1 be determined by the creep

strength characteristics of the heat pipe enclosure material.

The usable te~perature range of the working fluids wfl1 be determined by

the heat pipe heat transport capacity as well as the vapor pressure. Maximum

demonstrated values of axial heat flux dens+ty for alkaline metal heat pipes

are sunsnarizedIn Fig. 30 Values in the rdnge of interest for prfmary heat

transport (> 10 kW/cm2) have been achluved In sodium and llthlum heat PIFZS

over the range’of 1000 K to 1500 K (Vinz and Busse, 1973; Merriaan etal. 1982).

Demonstrated values for radfal power densfty are in excess of 300 W/cm2 ovev
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the entire raage from 800 K tc 1500 K and therefore not a severe design

constraint for current heat pipe cooled reactor desfgns (Keddy and Martinez,

1982).

NICK !4ATERIAlS

These experimentally confirmed radfal and axial power density values were

achieved in heat pipes designed for extreme performance. Duplication of these

values will require the use of some form of arterial heat ptpe design with a

fine pore wick structure having good pewnaability. For the t+yplcalprimary

heat transport performance requirementswick structure requirementswI1l be as

given in Table 111. Values of wick penneabllfty required wi?l depend on the

wick configuration used. For the classic artery configuration shown in cross

section In Fig. 4a the flow path length through the w?ck structure from the

artery to the furthest point of the ltquid-vapor Interface wI1l be equal to

half the distance between adjacent arteries while for the configurations shown

In 4b, c and d the corresponding flow path length wfll be approximately equal

to the wick thickness. The required wick perneabil~ty for equivalent perform-

ance from these different configurationswI1l therefore differ by approximately

two orders of magnitude assuming fsotropic properties (Wrl gan et al., 1982).

Avarlety of methods of producing wick structures with the desired charac-

ter~stics are avatlable. The 50 un pore size requirement wfll require mul-

tlple layer of screen materlnl of approximately 400mesh If conventional screen

wick f~brlcatlon techniques are used. If coarser mesh wire screen 1s used it

must be treated to reduce the pore size. Methods that have been used for pore

size reductibn of refractory screen wick include chemical vapor deposition

(CVD) coating of the wires as shown in Fig. 5 and mechanical compaction of

layers of screen. Either of these methods is capable of reducli~giW pare
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size of 150-200 mesh screen wicks to the required 30-50 w range. Difficul-

ties in producing practfcal wick structures are related to the reduction in

permeability seen in compacted screen wicks; and the difficulties in sealing

CVD process tc the lengths required. Given an adequate development program

the CVD sealing problem may be overcome through the use of zone deposition

processes that would allow fabrication of indefinite Iangths ofwlck structure;

however the reduced permeabili~ of compacted screen uicks is inherent and

will limit their use to annular or channel wick heat pipe designs.

Alternatives to screen wicks exist in powder metal or microsphere compacts,

either of which may be used to form wick structures with integral artery pas-

sages as illustrated in Fig. 6. As With CVD structures the primary impediment

to thefr use tn long heat pipes lies in the fabrication facility requirements,

particularly the need for large, high temperature, high pressure, furnaces for

hot isostatic pressing. These facility requirements have led to the develop-

ment and use of 400 mesh molybdenum-rhenium alloy screen wick materials for

the high temperature, high power heat ptpe development work conducted at Los

Alamos National Laboratory for the SP-lOO program (Ranken, 1982).

Across section of one of these screen artery and distribution wick struc-

tures fs shown in Ffg. 7. A2-m long, 1.58-cm dfameter, molybdenum-lithium

heat pipe of thfs construction has been tested to 22.6 kW throughput on the

program, Peak power axial density achieved in test was greater than 19kkl/cm2

wfthout dryout (Merrfgan et al., 1983).

UASTE HEAT RADIATOR HEAT PIPES

The second dfrect heat transport application of heat pipe technology to

space nuclear power systems Is In the area of primary power rad!ators. Per-

formance requirements for radiator heat pipes under typical system operating
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condftfons are sunsnarfzedin Table IV. The operattng temperature range wfl1

be approximately 500 K below that consfdsred for the primary heat transport

heat pipes with radial and axial power densities of 10% to 20% of those for

the high temperature applications. Thermal transport performance 1imtts of

radiator heat pipes will not generally control their application, @XCept in

designs employing extreme lengths or complex geometry. Primary concerns in

technology development for radiator heat pipes involve the reduction of weighL

per unit area of radiating surface while maintaining end-of-life heat transfer

capability. In add;tion the normal heat pipe material concerns of strength at

temperature and working fluid compatibility apply. For the radiating surfaces

a hfgh emfssfvity is necessary, either fntrfnsfc to the heat pfpe materfal or

as a stable coatfng. Loss of radfating surface wer the lffe of the system

will occur prfmarlly as a result ofmeteroid penetration of the heat pipes.

The rate of 1oss may be calCU1ated from meteroid velocfty-densi~ models if

the behavfor of the materials used is known to be ducttle under hypervelocity

impact (Lundberg et al., 1982). Cracking of heat pfpe wal1s fn brittle fail-

ure wfll tncrease the damage Incurred over a given period of tfme and make

prediction of loss rate dffficult. These heat pipe mhterlal criterla favor

the use of tftanfum-potasslumsystems to about 800K, stainless steel-sodium

from 800 K to ~900 K and nfobium alloy-sodfum in the 900 K to 1100 K range.

Operational cor.ems for radfator heat pipes fnvolve start-up of the system

from helow the freezing temperature of the heat pfpe workfng flufd, operatfon

wfth radfatlon coupling at a fractfon of desfgn power, and for deployable ra-

diator conflguratfons, the need to bend the heat pfpe before or durfng opera-

tion. Capabi11ties in each of these areas have been demonstrated fn heat pipe

development programs at Los Alamos. Figure 8, reprtnted t’romGirrens 1982,
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sfte changes. Demonstration of the required llfetimes at realfstfc values of

temperature and mass flow is essential to the choice of heat pipes for system

design concepts. A summary of relevant high temperature heat plpe 1ife test

data is given in Table V.

Th~s sumnary, while not exhaustive, includes most available test data in-

volving exposure of over 5000 hours for th~ material combinations and tempera-

ture ranges of interest. Uhat is not shown in this or similar life test data

sunsnariesis that the dfrected heat flux for the majorfty of these tests was

lw. Most test capsules are radiation loaded without high emissivity surface

treatment so that total power tnput fs a few kflowatts and the directed power

throughput to the condenser less than half of the Input. Mass flow rate de-

pendent corrosfon mechanfsms may not be diSC1osed by this type of testfng.

Recently Los Alamos has initfated a life test of a 2-m, radiation loaded,

molybdenum-lithium heat pipe operated at 1500 K wfth a measured power through-

put of 14 kkl. This test has been operated for more than 1000 hours with a

single interruption and without apparent deterioration of heat pipe perform-

ance. Continuation and extens!on of this type of testing is necessary to pro-

vide a reliability basis for space nuclear power system applications, Under-

standing of the life controlling phenomena Is essential both to the development

of accelerated test methods that will permit the accumulation of an adequate

data base for reliabilfty predfctfons fn a reasonable 1ength of time and to

the control of the life limfting thermochemical degradation mechanisms. This

understanding should come from the development of ana”lyticmodels for equilib-

rium chemistry and reaction kinetics within the heat pip~s. These models will

have to be verffied by tests involving close control of heat pipe Internal

chemistry. A first step to these goals has been taken with the developmentof



shows temperature proffles along a 5.5 m, tftanium-potassfumheat pfpe at suc-

cessive intervals of one hour during a deliberately slow start-up tr&nsient.

It may be observed that the condensei’end ot’the heat pipe was held below the

freezing temperature of the potassium working fluid for awe than 4 hours with-

out depletion of the working flui+ supply in the evaporator region of the heat

pipe. This is possible with alkaline metal working fluids because the ex-

tremely low value of vapor pressure at the trfple point limits mass transfer

to the frozen region of the condenser. ‘htetemperature profile of the same

heat pipe operating at its design conditions of 3.1 kU and 775 K is given in

Fig. 9. This steady-state temperature profile serves to illustrate the iso-

thermi$lnature of heat pipe heat transfer, even over working lengths of 5.5 m.

This characteristic is of particular advantage in radiation coupled systems.

Operation of a radiator heat pipe during bending is demonstrated in themul-

tiple exposures of Ftg. 10. This sodiun-stainlesssteel, flexible heat pipe

has been repeatedly bent through a ;80° arc while operating at approximately

900 K as well as with the sodium working fluid was frozen. When operating in

the straight, deployed configuration the performance of this heat pipe is com-

parable to that of a conventional, rigid design.

tXCETIME DEMON$T~TIOM”

In both primary heat transport and waste h~at radiator applicjtfons for

space nuclear power systems reliable operatfon of the heat pipes over multi-

year periods fs required. Internal thermochemicalchanges in high temperature

heat pipes can affect thefr performance through alteration of fluid properties

such as surface tension, throu~(hplugging or erosion ofwfck structures and

through local accumulation of gas or ltquid reaction products. Boiling limtts

may be altered by changes in wettfng characteristicsof the fluid or nucleation
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equi1Ibriurn“hennochemical mode?s for the molybdenum-sodium heat pipes tested

at Los Al amos. Ttese models have been successful in predicting vapor phase

mass transport of molybdenum in sodium heat pipes under dryout conditions.

Within the present state of knowledge reconsnendations pertaining to the

achievement of long life in high temperature alkaline metal, heat pipes are

quite general. Ffrst, it is observed both in chemical models and in practice

that mass transport is primarily a function of containment levels In the tube

and screen material and In the working fluid rather than being caused by basic

volubility phenomena. Secondly, it is observed that maintaining a region

of the heat pipe at temperature without a liquid phese present, as in ev~por-

ator dr~:out, leads to more severe corrosion than would otherwise be en-

countered and finally it is obseryed that failures often occur at welds or

areas where materials are riothomogeneous. Quantification of these

recommendations,as to allowable levels of containment, will require further

research.

TRANSIENT BEHAVIOR OF HEAT PIPES

An area of concern for heat pipe applications in space reactor systems is

the behavior of the devices under transfent load conditions, both during start-

up and shut down of the system and through operational variation of thenngl

loads. In laboratory testing of high power, radiation coupled heat pipes it

has been observed that dry out during shutdown is possible if conditions are

not properly controlled. An example is illustrated in Fig. 11 based on data

taken during te~t of a 2-M molybdenum-lithium,annular wick heat pipe at Los

Alamos. This heat pipe, which had been treated to obtain a surface emissivity

of approximately 0.65, had been operated for an extended period with 14 kW
I

throughput at 1500 K, During shutdown of the test for equipment maintenance
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the power coupled into the evaporator region of the heat pfpeby RF fnduction

was reduced fn approximately 800 W increments. At a temperature of 13GC U and

an fnput power level of about 7.2 kkf,‘theheat pfpe developed a hot spot fn

the evaporator region, triggering complete test shutdown. Subsequent examfna-

tfon cf the heat pipe showed that lfthium had been transferred from the evapo-

rator regfon of the annulus to the condenser, apparently due to the continued

hfgh rate of radlatlon heat transfer from the condenser after the internal

transfer of heat by the llthium vapor had become limited by son;c vapor veloc-

fty conditions at the evaporator exft. Thfs test shut down was to some extent

an artifact of the test method, caused by the constant power characteristics

of RF Induction heating, however ff the evaporator reservoir of lithium were

1imited and the thermai capacftance of the structure s~wounding the evaporator

were high, a similar dryout situation could occur fn a space power application,

The determination of stable operatfng limits for heat pipes under the transient

conditions to be expected in space nuclear power applications wfll be essentfal

to their successful integration fnto such systlms. Both analytfc modelfng and

experimental verification under realistic conditions will be requfred.

SUMMARY

Recent heat pipe development work at Los Alamos National Laboratory has

involved performance testing of typical space reactor heat pipe designs to

power levels in excess of 19 kW/cm2 axially and 300 W/cm* radially at tem-

peratures in the 140G to 1500 K range. Operatfon at conditions in the

10 kW/cm2 range has been sustained for perfods of up to 1000 hours wfthout

evidence of perfortfiancedegradation The effective length for heat transport

fn these heat pipes was from 1.0 to 1.5 M. Materials used were molybdenm
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alloys with llthlum employed as the heat pipe operating fluid. 5horter, some-

what lower power, molybdemmheat pipes have been life tested at Los Alamos

for periods of greater than 25,000 hours at 1700 K with 11thlum and 20,000

hours at 1500 Kwlth sodium. These 11fe test demonstrations and the attendant

performance lfmft invest~gations provide an experimental basis for heat pfpe

application in space reactor design.

Demonstrated performance for long heat pipes operating under space radiator

conditions includes the transport of 2.6 kU and 920 K in a radlatlon loaded

4.4m, sodlun/stainlesssteel heat pipe developed by Thermacore Corporation

for the Nuclear Electric Propulslon Program and the transport of 2.4 kW at

773 K in a radiation 1oaded, potassiumitltanium heat ptpe developed by Los

Alamos National Laboratory. Flexlble heat pipes Intended for use in

deployable space radiators have also been demonstrated at Los Alamos, w~th

continuous operation achieved during bending of the pipe through 180°.

Technology development needs for space nuclear power heat pipe applications

involve determination of the performance capabflIties of specific heat pipe

designs as a function of operating temperature,power density and local envir-

onmental conditions as well as the determination of the transient behavlur of

the detilcesduring start-up, shut-down, and load variation. Finally an impor-

tant concern In the application of heat pipes In a space nuclear power system

Is the llfetlme to be expected and the type of performance degradation to be ~

exp~cted over the operating llfe. Predlctlon of operating llfettme of heat

pipes wI1l require the development of mass transport/corrostonchemistry models

and their verification in controlled llfe tests.
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TADLE I

PRIMARY HEAT TRANSPORT - OPERATING REQUIREMENTS

o Cold start from N 200 K

o Stahle operation durfng shutdown

o Restart after shutdown

t 7 -10 yr operating 1Ife

o Fractional power operation

TABLE 11

PRIMARY HEAT TRANSPORT - PERFORMANCE REQUIREMENTS

Q Temperature: 1000 K to 1700 K

o Axial power densl~: 10 to 15 kW/cm2

o Radial power density; 50 to 150 W/cm2

o Transport d~~tance: 3 to 5 m

o Temperature difference: <10 K

TAPLE III

PRIMARY HEAT TRANSPORT - W~CKING REQUIREMENTS

o Pore diameter 30 - 60 m

6 Permeabfll~ 6 x 10“12 m2 artery

6 x 10-14 m2 annular

o Bendable during fabrication
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Flufd

lithium

LIthfurn

Lfthfum

L1thlum

Sodium

Sodlurn

Sodlurn

Sodlwn

Sodlurn

POtesslum

PotQ$81um

TABLE IV

WASTE HEAT RADIATOR PERFORMMCE REQUIREMENTS

o Temperatum , 700 to 1000 K

o Axfal power densfty 0.5 to 1.0 kM/cm2

o Radfal power density 2 to 20 kl/cm2

o Transport distance 4t08m

o Temper&ture difference <20k

‘TABLEv

HIGH TEMPERATURE HEAT PIPE LIFE TESTS

Materfal

Mo

TZM

U-26 Re

Nb-lZr

Mo

TZM

Mo

304 Stalnless Staol

Nb-lZr

Ti

347 Stafnless St.el

T(K)

1700

177s

1876

1776

1600

1500

1600

1073

1120

900

780

Hrs

25,400

10,500

10,400

9,800

10,000

9,000

19,304

19,304

23,742

12.760

16,000

5,000

6,600

Fatlure

Evap. penetration

Weld faflures
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FIGURE CAPTIONS

Neat pipe anpllcations in space power systems.

Liquid metal vapor pressure.

Demonstrated values of axial heat flux.

Heat-pipe wick structures.

Compacted screen wtck.

Niobium porous metal artery wick Inside 15.9-mm-o.d. molybdenum tube.

Screen wrap-compacted artery heat pipe configuration.

Axial temperature profiles of RAD-3 during start-up.

Comparison ofanalytlcal and measured temperature proflleat
Q

maximum operating power.
\

10. Flexlbleheatplpe.

11. Transient performance of 2M heat pipe.
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Fig. 1. Heat pipe applications in space power systems.
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Fig. 2. Liquid metal vapor pressure.
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Fig. 3. Demonstrated values of axtal heat flux.
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Heat-pipe wick structures.



Fig. 5. Compacted screen wick.



Fig. 6. Nloblum porous metal artery wick Inside
15.9-mm-o,d. molybdenum tube.
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Fig. 7. Screen wrap-~oinpactedartery heat pipe
configuration.
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Fig. 8. Axial temperature profiles of RAD-3 during
start-up.
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Fig, 9, Comparison of analytical ~nd measured temperature
profile at maximum operating power.
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Fig. 11. Transient performance of 2 M
heat pipe.
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FIGURE CAPTIONS

Heat pipe applications In space power systems.

Llquld metal vapor pressure.
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Heat-pipe wick structures.

Compacted screen wick.
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Flexfble heat pipe.
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